Pyruvate formate-lyase activating enzyme generates a stable and catalytically essential glycyl radical on G 734 of pyruvate formatelyase via the direct, stereospecific abstraction of a hydrogen atom from pyruvate formate-lyase. The activase performs this remarkable feat by using an iron-sulfur cluster and S-adenosylmethionine (AdoMet), thus placing it among the AdoMet radical superfamily of enzymes. We report here structures of the substrate-free and substrate-bound forms of pyruvate formate-lyase-activating enzyme, the first structures of an AdoMet radical activase. To obtain the substrate-bound structure, we have used a peptide substrate, the 7-mer RVSGYAV, which contains the sequence surrounding G 734 . Our structures provide fundamental insights into the interactions between the activase and the G 734 loop of pyruvate formate-lyase and provide a structural basis for direct and stereospecific H atom abstraction from the buried G 734 of pyruvate formate-lyase.
P
yruvate formate-lyase-activating enzyme (PFL-AE) is one of the first-discovered members of the ''AdoMet radical'' or ''Radical SAM'' superfamily, which is characterized by both the presence of a conserved CX 3 CX 2 C sequence motif that coordinates an essential 4Fe-4S cluster and by the use of Sadenosylmethionine (AdoMet or SAM) for 5Ј-deoxyadenosyl radical (5Ј-dA⅐) generation (1) (2) (3) . The electron required for reductive cleavage of AdoMet to form 5Ј-dA⅐ comes from the 4Fe-4S cluster, which is reduced in Escherichia coli by flavodoxin (4) . AdoMet radical enzymes act on a wide variety of biomolecules in numerous pathways. For example, biotin synthase (BioB) (5) , coproporphyrinogen III oxidase (HemN) (6) , and molybdenum cofactor biosynthetic enzyme A (MoaA) (7) are involved in vitamin/cofactor biosynthesis; lysine 2,3-aminomutase (LAM) facilitates the fermentation of lysine and the biosynthesis of ␤-lysyl antibiotics (8) ; spore photoproduct lyase repairs UVinduced DNA damage (9) ; and class III ribonucleotide reductase (RNR) activase, like PFL-AE, catalyzes the formation of glycyl radicals (10) . The structural basis by which AdoMet radical enzymes are able to react with such a diverse group of substrates, including dethiobiotin, DNA, and proteins, is a key question in the field. The structures of PFL-AE from E. coli described here provide views of a member of the AdoMet radical superfamily for which the substrate is an enzyme and thus structural insight into activation of a glycyl radical enzyme (GRE).
Because of their oxygen-sensitive nature, GREs (11) (12) (13) (14) are proposed to have evolved before the appearance of oxygen in the atmosphere, and some speculate that class III RNR may be a truly ancient enzyme (15) because the ancestral RNR was likely involved in the conversion of RNA-to DNA-based life (16) . Unlike RNR, which converts ribonucleotides to deoxyribonucleotides, PFL is a central metabolic enzyme that converts pyruvate and CoA to acetyl-CoA and formate (17) . Found in both prokaryotes and eukaryotes, PFL provides the sole source of acetyl-CoA for the Krebs cycle under fermentative conditions. X-ray analysis reveals a common fold for GRE family members as a 10-stranded ␤ barrel, with two sets of five-stranded sheets running antiparallel to each other and a buried glycine residue at the tip of the second of two ␤ finger motifs (18) (19) (20) (21) (22) (23) . In one of the more fascinating activation reactions in biology, PFL-AE (a monomer of 28 kDa) stereospecifically abstracts a hydrogen atom from residue G 734 of PFL (homodimer of 170 kDa), generating the catalytically relevant glycyl radical species (24) . Because the crystal structure of free PFL in its inactive form shows G 734 buried 8 Å from the protein surface (18) , the direct abstraction of a hydrogen atom from this residue is difficult to conceptualize and is believed to involve a conformational change (19, 21, 22) . Once established, the glycyl radical is surprisingly stable (25) , catalyzing multiple turnovers via a putative active site thiyl radical. Although stable under anaerobic conditions, the glycyl radical is susceptible to destruction by oxygen, which results in irreversible cleavage of the polypeptide and inactivation of the enzyme (26) . In this circumstance, some organisms produce a short protein with high homology to the last 59 residues of PFL (including G 734 ), called YfiD in E. coli. After activation by PFL-AE, YfiD can associate with cleaved PFL, replacing its lost radical-containing domain and yielding a working heteroenzyme complex (27) . In this manner, YfiD acts as a ''spare part,'' restoring activity of oxygen-cleaved PFL with minimal energy expenditure. In vitro, peptides of as few as seven residues, which contain the sequence surrounding G 734 (24) , are substrates for PFL-AE, albeit with less activity than for full PFL (with K m ϭ 0.22 mM and V max ϭ 11 nmol/min⅐mg, compared with 1.4 M and 54 nmol/min⅐mg for PFL). To provide insight into the mechanism by which the AdoMet radical activases catalyze formation of glycyl radicals on substrate proteins, we solved the structure of PFL-AE in both the substrate-free (AE) and substrate-bound (pept-AE) forms. Our results, along with previous biochemical and structural studies on PFL, support the proposal that a small domain of PFL harboring G 734 undergoes a conformational change (19, 21, 22) , thereby positioning G 734 in close proximity to the AdoMet bound at the active site of PFL-AE.
enzyme of known structure [see Methods, Table 1 , and supporting information (SI) Table S1 ]. Both the 2.25 Å resolution AE and the 2.8-Å resolution pept-AE structures show a partial TIM barrel fold ( Fig. 1 ) with a 4Fe-4S cluster ligated by the canonical CX 3 CX 2 C motif. Although the AE crystals were grown in the presence of AdoMet, this cosubstrate is observed fully ordered only in the pept-AE structure, where it ligates the 4Fe-4S cluster as observed in other AdoMet radical enzyme structures and packs against the 7-mer RVSGYAV peptide substrate (Figs. S1 and S2). PFL-AE consists of the (␤/␣) 6 AdoMet radical core and, unlike the other AdoMet radical enzymes, few secondary structural elements outside of the core fold are present to ''close off '' the opening of the partial barrel (Fig. 1) . Only 65 aa of PFL-AE are not part of the core region, including ␤1Ј, loop A, loop C, and ␣6 (Fig. 1) . The C-terminal end (top) of the partial barrel is covered by two long loops located after strands ␤1 (loop B) and ␤6 (loop C). The N-terminal end (bottom) and the lateral opening of the barrel appear highly solvent-exposed.
AdoMet Radical Core. The AdoMet radical core fold of PFL-AE consists of a ''splayed'' sheet similar to those observed in structures of other AdoMet radical family members (5-8, 28, 29) (see Table S2 for rmsd values). The active sites of these enzymes are located within the lateral opening and are made up mainly of residues originating from ␤ strands and loops at the top of the core's sheet (Fig. 1) . The 4Fe-4S cluster of PFL-AE is located at the top of the partial barrel ( Fig. 1) , with the unique iron coordinated by AdoMet ( Fig. 2A) through the amino nitrogen (2.2 Å) and carboxyl oxygen (2.2 Å). The distances observed between AdoMet and the cluster (Fig. 2 A) are in agreement with the spectroscopic data reported for this enzyme (30) (31) (32) and are similar to those seen in the other AdoMet radical structures (5) (6) (7) (8) . These close interactions between AdoMet and the cluster are consistent with the theory that innersphere electron transfer from the 4Fe-4S cluster of PFL-AE to AdoMet precedes generation of 5Ј-dA⅐ (30) . Several residues that form the AdoMetbinding site comprise motifs conserved among all of the AdoMet radical enzymes, such as the GGE motif (G 77 , G 78 , and E 79 in PFL-AE) and the GxIxGxxE motif (PFL-AE residues V 168 , V 170 , G 172 , and E 175 ) (33) . As discussed in ref. 33 , these two motifs bind the AdoMet methionine directly and serve to stabilize the binding site for the adenine moiety, respectively (Fig. 2B) . Finally, two residues (D 104 and R 166 ) do not make specific contacts with either AdoMet or the peptide substrate, but they are both completely conserved and located in close proximity to the C5Ј atom of AdoMet (Fig. 2B) , suggesting a potential role in catalysis. Additional interactions with AdoMet ( Fig. 2B ) are similar to those observed in other AdoMet radical enzymes, although the identity of the residues is often not conserved (5-8, 28, 29) , a difference caused in part by the large number of contacts made by backbone atoms. One interesting variation is the presence of two histidines, H 37 and H 202 , which pack against the AdoMet adenine ring. As discussed below, these residues are likely important for the ability of PFL-AE to bind a protein substrate.
Peptide Binding. The peptide (RVSGYAV) binds in a bent conformation ( Fig. 2 C and D) across the lateral opening of the partial barrel, interacting primarily with residues from loops A-C (Fig. 1) . Six of the seven peptide residues are visible in the structure, with the first peptide residue, R 731 , disordered because of a nearby crystal lattice contact. Binding of the peptide seals the active site from solvent, burying the cluster and AdoMet and providing a protected environment for radical generation (Fig.  S2) . The binding of peptide also appears to stabilize AdoMet binding to PFL-AE. In the absence of substrate, both previous spectroscopic studies (30) (31) (32) 34 ) and our crystallographic experiments show ligation of the cluster's unique iron by the amino acid moiety of AdoMet. However, in our substrate-free model we observe poor-quality electron density for the remaining AdoMet atoms, indicating disorder (Figs. S1a and S3). In contrast, in the presence of peptide, electron density improves significantly, and the entire molecule of AdoMet can be refined (Fig. 2 and Figs. S1b and S3). Stabilization of AdoMet in this site upon substrate binding is attractive from a biological perspective because it provides a potential mechanism to prevent uncoupling between AdoMet cleavage and glycyl radical generation: only in the presence of substrate would AdoMet favor a stable catalytic conformation. Although the AdoMet is buried in the pept-AE structure, a large surface area including the peptide itself and the N-terminal sides of some ␤ strands remains solvent-exposed. Presumably, these surfaces will be buried in the full PFL-PFL-AE complex.
The peptide substrate in the pept-AE structure corresponds to the seven-residue consensus sequence around G 734 of PFL, RVSGYAV. This motif is completely conserved in PFL. There is, however, poor consensus at this site among all glycyl radicalcontaining enzymes, with only the residues corresponding to R 731 and G 734 being completely conserved (Fig. S4) . Specific residues on PFL-AE required for or involved in the activation reaction have not been examined in detail, although it is known that the enzyme is not active toward a peptide corresponding to the similar class III RNR consensus sequence, RVCGYLG, which substitutes a Cys for S 733 , a Leu for A 736 , and a Gly for V 737 (24) . Despite some observed specificity toward the PFL glycine loop sequence (24) , contacts are made mainly to peptide substrate backbone atoms (Fig. 2C) . In contrast, all of the contacts to the peptide are made by side chains of PFL-AE, each of which is highly conserved and includes a DGxGxR motif located on loop A (Figs. 1 and 2C) . The key interactions between PFL-AE and the peptide appear to serve three critical purposes: (i) orienting the glycine in the active site, (ii) controlling the overall peptide conformation, and (iii) imparting selectivity. Three specific residues ensure the proper orientation of G 734 with respect to AdoMet in the active site: D 16 of the DGxGxR motif and fully conserved N 38 hydrogen bond to the glycine amino and carboxyl groups, whereas H 37 reaches across the AdoMet adenine ring to help orient the residue (Fig. 2C) . These specific interactions ideally position G 734 for hydrogen atom abstraction, with an AdoMet C5Ј to G 734 C␣ distance of 4.1 Å (Fig. 2C) , similar to those observed in BioB (3.9 and 4.1 Å) (5) and LAM (3.8 Å) (8 (Fig. 2C) . Because the other interactions observed in this structure are to peptide backbone atoms, specificity at these other positions is likely governed by the effect of side chain identity on the conformation of the peptide backbone itself. Unfortunately, crystal packing prevents modeling of R 731 , leaving its role in the activation reaction and the reason for its conservation unclear, although others have proposed that it is involved in the stabilization of the glycine loop structure in the native state of a GRE (19) . The pept-AE interactions observed here are not electrostatic in nature, consistent with the observation that the activation reaction is not affected by increasing the salt concentration of the activation reaction buffer (35) .
Comparison of the AE and pept-AE structures (rmsd ϭ 0.774 Å) allows us to investigate structural rearrangements associated with AdoMet and peptide binding (Fig. 3) . The major conformational change upon binding of the peptide occurs in loop A (Fig. S5) (Fig. 3A) . As the loop swings up toward the active site to form contacts with the peptide, the largest movement occurs in residue D 16 , which is displaced Ϸ10 Å at the C ␤ atom (Fig. 3B) Docking Studies. Areas of high conservation on the PFL-AE surface that could be involved in protein-protein interactions, such as with PFL or flavodoxin, were identified (see SI Materials and Methods). These include: (i) the active site, (ii) the Nterminal side of the ␤ sheet, and (iii) behind loop B (Fig. 4A) . The preservation observed at the active site (region 1) was expected and is more extensive than just the area involved in binding the peptide. Regions 1 and 2 are adjacent to one another, suggesting that the two areas may together form the PFL-binding surface. The location of region 3 proximal to the 4Fe-4S cluster is ideal for interactions with flavodoxin. A theoretical model of the mode of interaction between PFL and PFL-AE was generated by manual and computational docking studies (see Methods and Fig. S6 a-c) . The best docking model was obtained by using the pept-AE structure and a fragment cut from the PFL model [Protein Data Bank (PDB) ID code 2PFL] with high homology to YfiD (the small protein capable of undergoing activation by PFL-AE) (27) . This region of PFL, which was implicated as being involved in the activation reaction on the basis of high structural homology to the corresponding region of the GRE glycerol dehydratase (22) , will be referred to as a ''radical domain'' (RD) and encompasses PFL residues 712-759 (Fig. 4 B and C) . In the docking model, the glycine loop of RD points into the active site of AE, positioned similarly to the peptide observed bound in the experimental maps (Fig. 4 D-F) , although increased conformational flexibility allows the peptide to bind in a more extended conformation toward its C terminus (Fig. S6d) . This difference in conformations could also be in part because RD was treated as a rigid body in the docking studies and not allowed to adjust to its new binding environment. In addition, based on differences in K m values between the peptide substrates and PFL, one would not expect identical binding interactions. Despite these caveats, the distance predicted between AdoMet and RD G 734 C␣ (4.6 Å) in the docking model agrees reasonably well with that observed between the AdoMet and G 734 C ␣ of the bound peptide (4.1 Å). The interactions between H 37 , N 38 , or L 204 and RD are similar to those observed in the pept-AE structure, although the bidentate interaction of N 38 and the contacts between F 25 , K 208 , and the peptide are lost. Residues from PFL-AE and RD in the docking model are also poised to make several additional interactions (Fig. 4F) , including RD residue R 731 with PFL-AE residues E 10 (the side chain of which is disordered in this structure), D 16 (Fig. 4F) . Of the residues involved in these possible interactions, E 10 , D 16 , N 38 , and H 202 are notable in that they are fully conserved among the PFL activases, and E 197 is always either glutamate or aspartate. RD also contacts conserved surface regions 1 and 2 (Fig. 4E) , providing a reasonable explanation for their preservation across the activases.
Discussion
The AdoMet radical superfamily is capable of catalyzing some of the most difficult chemical reactions known in biology via the breaking of C-H bonds to form substrate radicals (2, 3). The structures described here illustrate the surprising plasticity of the core fold and extend our understanding of the activation reactions of the GRE family. The AdoMet radical structures (5-8, 28, 29) show that, in general, the size of the specific enzyme tends to increase as its substrate gets smaller, a point emphasized by the small size and conspicuous lack of noncore secondary structural elements in PFL-AE. As the most compact of the structurally characterized AdoMet radical enzymes, with 245 residues compared with next-smallest MoaA 340 residues, PFL-AE defines the minimal machinery required for generation of 5Ј-dA⅐. The majority of interactions between PFL-AE and its substrate occur outside of the 180-residue AdoMet radical core because less than one-half of the contacts between PFL-AE and the peptide substrate originate from within the core.
The mechanism of activation of PFL and other GREs is an open question, despite the six independent structures (18-23) of inactive GREs have revealed their 10-stranded ␤ barrel folds. Although the radical-harboring G 734 of PFL is buried 8 Å from the surface of the protein (18) , hydrogen atom abstraction by 5Ј-dA⅐ to form the glycyl radical occurs directly and stereospecifically (24) . To allow access of the activase to the catalytic glycine, a dramatic conformational change within PFL would have to occur. This ATP-independent process could proceed in two ways, the first through the action of the activase via conformational changes induced by its binding. Alternatively, PFL itself could be conformationally flexible, at times adopting a more open conformation that exposes G 734 , but which is less thermodynamically stable than the conformation observed in the crystal structures.
The findings presented here provide important insight into the possible modes of interaction in the full physiological complex, although they do not answer the question of how the necessary conformational changes occur. Because the peptide used in these studies is known to stimulate AdoMet cleavage by PFL-AE (24), albeit with lower activity, the pept-AE structure is likely relevant to the physiological reaction. The location of peptide binding and the AdoMet C5Ј to G 734 C ␣ distance are consistent with the substratebinding sites observed in the other AdoMet radical enzyme structures (5, 8) . Additionally, the torsional angles of G 734 as modeled in this structure are similar to both those seen in the PFL structure (18, 21) and those predicted for the PFL glycyl radical by quantumchemical studies of the EPR parameters of the PFL radical (36) . The pept-AE structure illustrates one possible mode of interaction between PFL and the activase in which the glycine loop extends across the surface of the PFL-AE active site. The unexpected motion undergone by loop A to bind substrate is likely a feature conserved among all of the activases, as evidenced by high conservation of the DGxGxR motif and by the conservation of the residues that come into contact with the motif after it binds substrate. This loop could play a major role in the conformational change of PFL by shifting the glycine loop into the PFL-AE active site, and it is most certainly essential to the proper orientation of G 734 .
Through sequence comparisons and docking studies, we were able to identify a fragment of PFL, residues 712-759, that we propose to be the main unit that interacts with PFL-AE in the full complex. This 48-residue fragment forms a small domain that connects to the ␤ barrel of PFL through a short loop. Modeling suggests that rotation of this RD about a single hinge point allows the glycine loop to move out of the barrel with minimal steric clashes, making it accessible to the activase (Fig.  S7) . Our current view of the PFL-PFL-AE complex formation is that PFL-AE binding either helps position a RD outside of the PFL barrel or captures a conformationally flexible RD in its ''out'' conformation, either of which would involve motion of PFL-AE loop A to allow proper binding and orientation of G 734 . The PFL-AE-RD docking model is attractive in terms of the positioning of G 734 with respect to the AdoMet, explaining two regions of PFL-AE surface conservation and providing a role for conservation of residues D 16 , H 37 , and N 38 in RD binding. After radical generation, PFL would once again undergo a conformational change, likely with the help of PFL-AE to shield the radical, returning the activated glycine loop to the active site. After generating a radical in one monomer of the PFL dimer, PFL-AE's task is complete. Allosteric effects are thought to prevent activation of the second monomer, explaining the observed half-of-the-sites reactivity (18) .
The PFL system is responsible for a fundamental, metabolically essential chemical transformation and is believed to be representative of one of Nature's most ancient enzymes. Our PFL-AE structures identify the regions and residues involved in activation and complex formation with PFL and provide a much needed structural framework for future experiments on this system.
Methods
AE and pept-AE were purified as described (30, 37) with 1 mM DTT in all buffers and crystallized anaerobically by the vapor-diffusion technique (see SI Materials and Methods). Multiwavelength anomalous diffraction data were collected at the iron edge on beamlines 9-2 and 9-1 at Stanford Synchrotron Radiation Laboratory (SSRL) and beamline 5.0.2 at Advanced Light Source (ALS). Sites were identified with SOLVE (38) and refined in Sharp (39) , yielding interpretable density maps to 3.7 Å (AE) and 2.77 Å (pept-AE) resolution. Model building was carried out in XtalView (40) , and the model was refined in CNS (41) , yielding R work (Rfree) of 22.4% (29.8%) to 2.25-Å resolution (AE) and 22.9% (26.1%) to 2.77-Å resolution (pept-AE). Ramachandran diagrams were as follows: for the final AE model, 87.8% of residues were in the allowed regions, 11.3% were generously allowed, and 0.9% additionally allowed, with none disallowed. For the final pept-AE model, 84.3% of residues were in the allowed regions, 15.3% generously allowed, and 0.5% additionally allowed. The AE and pept-AE models were docked, both manually and with the docking algorithm ZDOCK (42) , with a
